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@ Non-ferrite non-reciprocal phase shifter and circulator. 

@ A non-reciprocal phase shifter (10) includes a transmission 
medium (12) connected between first and second terminals (14, 
16) and having a predetermined phase shift which is the same in 
each direction. An amplifier circuit (18) Is connected between 
the first and second terminals for introducing its Inherent phase 
shift in one direction and a phase shift in excess of its inherent 
phase shift in the other direction for establishing a non-recipro- 
cal phase shift. Such a phase shifter may be incorporated In a 
circulator. 
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Description 



NON-FERRITE NON-RECIPROCAL PHASE SHIFTER AND CIRCULATOR 



This Invention relates to an improved circulator, 
and more particularly to a non-ferrite, non-reciprocal 
phase shifter capable of monolithic construction. 

Conventional three-port ferrite circulators have 5 
widespread use in duplexing, for example, a single 
microwave antenna with both a transmitter and 
receiver. Due to the non-reciprocal operation of 
such devices they also act as good isolators. 
Four-port circulators are also available for providing 10 
even greater isolation than the three-port circula- 
tors. For example, in a three-port terminal connect- 
ing a transmitter, antenna and receiver, the antenna 
mismatch may be passed to the transmitter if there 
is a reflection caused by receiver mismatch. A 15 
four-port circulator avoids this problem with the 
provision of a fourth port which can independently 
absorb any reflections. Such a four-port device is 
typically even bigger and more expensive than the 
three-port variety: it includes a combination of 20 
directional couplers and/or magic-Tees with two 
non-reciprocal phase shifting transmission lines 
between them. One shortcoming of both the three- 
and four-port circulators is that they must be sized 
corresponding to the wavelength of the energy so 25 
that circulators typically are not made for use below 
the microwave range. Typical sizes range from one 
half inch to two or three inches in diameter, which 
precludes integral monolithic fabrication with asso- 
ciated circuitry. In addition, present ferrite circula- 30 
tors require permanent magnet bias and non-mag- 
netic housings. Recently, proposals for reduced- 
size lumped circulators using ferrite have met with 
indifferent success because the capacitive coupling 
prevents them from being useful in microwave 35 
ranges or above. At much lower frequencies the 
ferrite losses are prohibitive in lumped circulators, 
making them unattractive. 

It is therefore an object of this invention to provide 
an improved non-reciprocal phase shifter for use in 40 
circulators. 

It is a further object of this invention to provide an 
improved circulator which is smaller, simpler and 
less expensive. 

It is a further object of this invention to provide an 45 
improved circulator which does not rely on ferrite 
materials. 

It is a further object of this invention to provide an 
improved circulator which requires no permanent 
magnet bias or non-magnetic housing. 50 

It is a further object of this invention to provide an 
improved circulator whose size is independent of 
wavelength. 

It is a further object of this invention to provide an 
improved circulator which can easily be formed as a 55 
monolithic integrated circuit and combined with 
associated circuits such as transmitters and recei- 
vers on a single chip. 

The invention results from the realization that a 
non-ferrite circulator of extremely small size and 60 
capable of monolithic fabrication can be effected 
using phase shifters made with a bidirectional 
transmission medium and an amplifier which intro- 



duces one phase shift in one direction and a larger 
phase shift in the other direction. 

This invention features a bidirectional phase 
shifter including a transmission connected between 
first and second terminals and having a predeter- 
mined phase shift which is the same in each 
direction. An amplifier circuit is connected between 
the first and second terminals for introducing its 
inherent phase shift in one direction and causing a 
phase shift in excess of its inherent phase shift in the 
other direction for establishing a non-reciprocal 
phase shift. 

In preferred embodiments the amplifier circuit 
includes an amplifier and coupling means for 
interconnecting the amplifier with the first and 
second terminals. The coupling means may be 
capacitors and the amplifier may be a transistor with 
one electrode grounded and the other two elec- 
trodes connected one to each of the- first and 
second terminals. 

Alternatively, the amplifier circuit may have three 
ports, one connected to the first terminal, one 
connected to the second terminal, and one con- 
nected to a third terminal intermediate the first and 
second terminals. The transmission medium intro- 
duces approximately a 90° phase shift and the 
amplifier circuit introduces an inherent phase shift of 
approximately 180°. There may be impedance 
matching circuits connected to each of the termi- 
nals. 

The invention also features a circulator such as a 
three-port circulator made by combining such phase 
shifters. Three such bidirectional phase shifters may 
be combined in a ring so that the first terminal of 
each shifter is interconnected with the second 
terminal of another. Alternatively, the first terminal of 
each phase shifter is interconnected with the 
second terminal of another phase shifter through at 
least one impedance matching element. 

The invention also features a four-port circulator 
having at least one non-reciprocal bi-directional 
phase shifter, and a second bi-directional phase 
shifter which may be non-reciprocal or reciprocal. 
There is also a passive four-port coupling network 
which couples the two bi-directional phase shifters. 
One or both of the couplers may be magic T 
couplers or one or both of the couplers may be 
directional couplers, or one coupler may be a magic 
T coupler while the other is a directional coupler. 

Other objects, features and advantages will occur 
from the following description of a preferred em- 
bodiment and the accompanying drawings, in which: 
Fig. t is a block diagram of a phase shifter 
according to this invention; 

Fig. 2 is a schematic diagram of one 
implementation of the phase shifter of Fig. 1 ; 

Fig. 3 is an alternative implementation of the 
phase shifter of Fig. 1 ; 

Fig. 4 is a diagrammatic view showing the 
forward phase shift introduced by the phase 
shifter of Fig. 1; 
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Fig. 5 is a diagram showing the reverse phase 
shift introduced by the phase shifter of Fig. 1 ; 

Fig. 6 is an illustration of the non-reciprocal 
phase shifting produced by the phase shifter 
according to this invention; 

Fig. 7 is a diagram illustrating the circulator 
function and isolation produced by the phase 
shifters of Fig. 6 in a circulator configuration; 

Fig. 8 is a schematic diagram of a three-port 
circulator according to this invention which may 
be constructed using the phase shifter of Fig. 1 ; 

Fig. 9 is an illustration of the performance 
characteristics of an X-band circulator accord- 
ing to this invention; and 

Figs. 10A-C are schematic views of other 
different constructions of four-port circulators 
using phase shifters according to this invention. 
The bidirectional phase shifter embodying this 
invention may be accomplished using a transmission 
medium connected between first and second termi- 
nals having a predetermined phase shift which is the 
same in each direction. Such a transmission medium 
may include a conventional transmission line, or a 
lumped element transmission line, or a loaded 
transmission line, or any other wave transmission 
medium in which the propagating wave sees a phase 
shift. There is an amplifier circuit connected between 
the first and second terminals for introducing its 
inherent phase shift in one direction and the phase 
shift in excess of its inherent phase shift in the other 
direction for establishing a non-reciprocal phase 
shift. The amplifier circuit may include an amplifier of 
unity gain or less or a simple transistor, so long as it 
is an active circuit element and passes current in one 
direction only. The amplifier circuit may also include 
coupling means such as capacitors for interconnect- 
ing the amplifier with the first and second terminals. 
If the amplifier is simply a transistor it may be 
arranged with one electrode grounded and the other 
two electrodes connected one to each of the first 
and second terminals. Or the transmision medium 
may be in two parts with an intermediate terminal 
between them and the amplifier or transistor may 
have three ports or electrodes, one connected to 
each of the first and second terminals with the third 
electrode connected to a third terminal intermediate 
the first and second. The transmission medium may 
introduce approximately a 90° phase shift while the 
amplifier circuit introduces an inherent phase shift of 
approximately 180° in the forward direction, while in 
the reverse direction it introduces a phase shift of 
270° because wave propagation cannot occur in the 
reverse direction. In the reverse direction the path is 
through the transmission medium in the reverse 
direction, then in the forward direction through the 
amplifier, and then again in the forward direction 
through the transmission medium. Impedance cir- 
cuits may be provided with each of the terminals to 
provide, for example, a typical 50 ohm matching 
impedance. 

These bidirectional phase shifters may be con- 
nected together end to end in a ring to produce a 
typical three-port circulator, and impedance circuits 
may be used to provide impedance matching with 
the associated circuitry. 



There is shown in Fig. 1 a phase shifter 10 
according to this invention which includes a trans- 
mission medium 12 interconnected between the first 
terminal 14 and the second terminal 16. Also 

5 connected between those terminals is an amplifier 
circuit 18 which may include amplifier circuit 20 and 
coupling circuits 22 and 24. In some embodiments, 
amplifier 20 may have a third port interconnected 
with an intermediate terminal indicated in Fig. 1 by 

10 phantom line 26. An impedance circuit 28 may be 
connected between first terminal 14 and input 
terminal 32, and Impedance circuit 30 may be 
interconnected betwen second terminaJ 16 and 
output terminal 34, for purposes of impedance 

15 matching. 

In one specific construction, phase shifter 10a, 
Fig. 2, may include a conventional transmission line 
12a coupled to an amplifier circuit 18a which 
includes coupling capacitors 22a and 24a and a 

20 transistor 20a. The control electrode 40 of transistor 
20a is connected to terminal 14a through capacitor 
22a. One of the load electrodes 42 is connected 
through capacitor 24a to second terminal 16a The 
other load electrode 44 Is connected to ground 46. 

25 In an alternative construction, phase shifter 10b 
includes a transmission line having two sections 12b 
and 12bb wfth an Intermediate terminal 50 between 
them. Here amplifier 18b includes a transistor 20b 
whose control electrode 40b is connected through 

30 capacitor 22b to first terminaJ 14b. One load 
electrode 42b is connected to terminal 50 through 
capacitor 24b while the other load electrode 44b is 
connected not to ground but to second terminal 16b 
through capacitor 25. it should be understood that 

35 while there is reference made to an amplifier circuit, 
the illustrations indicate that the amplifier may have 
the simplest implementation; it may have a gain of 
unity or less; it may perform other functions. 
The phase shift accomplished according to this 

40 invention may be better understood with reference 
to Figs. 4 and 5. In Fig. 4 the phase shifter according 
to this invention Is shown schematically with the 
forward direction indicated by arrow 60. It is 
assumed for purposes of this explanation that 

45 transmission medium 12 has a phase shift of -90° 
while the amplifier circuit 18 has an inherent phase 
shift of -180° . A signal input at first terminal 14 has a 
phase of 0° as indicated by phase diagram 62. After 
passing through transmission medium 12, that same 

50 signal arrives at the output at second terminal 16 
having a phase of -90° as indicated by phase 
diagram 64. Simultaneously, the signal moves 
through amplifier 18 and arrives at the output at 
terminal 16 having a phase of -180° as indicated by 

55 phase diagram 66. These combined values produce 
a forward phase vector Pf of -120° , for example. 

In the reverse phase direction, as indicated by 
arrow 70, Rg. 5, the input signal at terminal 16 has a 
phase of 0° as indicated in phase diagram 72. After 

60 the signal passes through medium 12 and arrives at 
terminal 14, it has a phase of -90° as indicated in 
phase diagram 74. Simultaneously, a portion of the 
same signal, unable to enter amplifier circuit 16 in 
the reverse direction, also moves through trans- 

65 mission medium 12 where it picks up a -90° phase 
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shift. This can be seen by following the spiral arrow 
76. The signal then passes through amplifier 18, 
where it picks up an additional -180° phase shift for a 
total of -270°. It then once again moves through, 
transmission medium 12, where it picks up an 
additional 90° phase shift for a total of -360° phase 
shift as indicated in the phase diagram 78. These two 
phase shifts provide a total phase reverse P r shift of 
-60° as indicated by phase diagram 80. Thus the 
non-reciprocal phase shifter 10 of this invention, 
Fig. 6, provides a phase forward Pf phase shift of 
-120° and a phase reverse P r of -60°. 

When such phase shifters are connected together 
in the form of a three-port circulator 100 t Fig. 7, it can 
be seen that they provide the isolation function 
characteristic of circulators. For example, moving 
from circulator port 1 in Fig. 7 to circulator port 2 in 
the forward direction, phase shift P12 is equal to 
-120°. The other path between circulator ports 1 and 
2, path 132, produces a phase shift P132 of -120°. 
Thus in both directions the phase shift is the same, 
-120°, and they combine and reinforce so that the 
signal input at circulator port 1 is transmitted to port 

2. However, this is not the case with respect to port 

3. The phase shift along path 13, P13, is -60°. The 
phase shift P123 along the other path to port 3 is 
-240° , so the signals are out of phase at port 3. They 
cancel, and so port 3 is isolated. 

A three-port circulator 110 made with the phase 
shifter 10 of Fig. 1 of this invention, implemented as 
shown in Fig. 2, is shown in Fig. 8, where three 
identical phase shifters 10a have been connected 
end to end. The first terminal 14a of each phase 
shifter 10a may be connected directly to the second 
terminal 16a of the adjacent phase shifter 10a as 
indicated by dashed lines 90, 92 and 94. The 
preferred construction in Fig. 8 includes impedance 
circuits 112, 114; 116, 118; and 120, 122, for the 
purposes of matching the impedance so that it 
appears the same at each of the ports 1, 2 and 3. 

The practicality of the circulator according to this 
invention can be seen with respect to the calculated 
performance of an X-band circulator according to 
this invention shown in Fig. 9. There the insertion 
loss, line 120, from port 1 to port 2 is barely 1 DB 
down in the area of interest, namely 9 GHz. The 
return loss 122 for reflections from port 2 back to 
port 1 is down over 29 DBs, while the isolation 124 
between ports 1 and 3 is off scale, well below 30 DB 
down. 

A four-port circulator 150 according to this 
invention can be made having four ports 1 , 2, 3 and 4, 
Fig. 10A, which provides a phase shift in one 
direction of r and in the opposite direction of r + 
7t by using a non-reciprocal bi-directional phase 
shifter 10b in conjunction with a reciprocal phase 
shifter 152. Ports 1 and 2 are in the "magic-T" 
configuration and ports 3 and 4 are also in the 
"magic-T" configuration. Reciprocal phase shifter 
152 provides the same phase shift, t u in both 
directions. The non-reciprocal phase shifter pro- 
duces a phase shift of r in one direction and £ r + n 
in the other direction. 

Alternatively, reciprocal phase shifter 152 and 
non-reciprocal phase shifter 10b can be combined in 



a four-port circulator 154, Fig. 10B, in which the four 
ports are connected as two directional couplers 1 , 2 
and 3, 4. In another construction, four-port circulator 
156 is constructed with ports 1 and 2 as a directional 
5 coupler and ports 3 and 4 as a "magic-T" connec- 
tion. 

Although specific features of this invention are 
shown in some drawings and not others, this is for 
convenience only as each feature may be combined 
10 with any or all of the other functions in accordance 
with the invention. 

Other embodiments will occur to those skilled in 
the art and are within the following claims: 

15 

Claims 

1 . A non-reciprocal bi-directional phase shif- 
20 ter comprising: 

a transmission medium connected between 
first and second terminals and having a pre- 
determined phase shift which is the case in 
each direction; and 

25 an amplifier circuit connected between the 

first and second terminals for introducing Its 
inherent phase shift in one direction and a 
phase shift in excess of its inherent phase shift 
in the other direction for establishing a non-re- 

30 ciprocai phase shift. 

2. The phase shifter of claim 1 in which said 
amplifier circuit includes an amplifier and coup- 
ling means for interconnecting said amplifier 
with said first and second terminals. 

35 3. The phase shifter of claim 2 in which said 

coupling means are capacitors. 

4. The phase shifter of claim 2 in which said 
amplifier is a transistor with one electrode 
grounded and the other two electrodes con- 

40 nected one to said first and second terminals. 

5. The phase shifter of claim 1 further 
including an amplifier circuit with three ports, 
one connected to said first terminal, one 
connected to said second terminal and one 

45 connected to a third terminal intermediate said 

first and second terminals. 

6. The phase shifter of claim 1 in which said 
transmission medium introduces approximately 
a 90° phase shift and said amplifier circuit 

50 introduces an inherent phase shift of approxi- 

mately 180°. 

7. The phase shifter of claim 1 further 
including impedance matching circuits inter- 
connected with each of said terminals. 

55 8. A three-port circulator comprising: 

three bi-directional phase shifters each 
including a transmission medium connected 
between first and second terminals and having 
a predetermined phase shift which is the same 

60 in each direction ; and 

an amplifier circuit connected between the 
first and second terminals for introducing its 
inherent phase shift in one direction and a 
phase shift in excess of its inherent phase shift 

65 in the other direction for establishing a non-re- 
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ciprocal phase shift; 

said phase shifters being interconnected in 
a ring with the first terminal of each shifter being 
interconnected with the second terminal of 
another. 

9. The three-port circulator of claim 8 in which 
the first terminal of each of said phase shifters 
is interconnected with the second terminal of 
another phase shifter through at least one 
impedance matching element. 

10. A four-port circulator comprising: 

at least one non-reciprocal bi-directional 
phase shifter including a transmission medium 
connected between first and second terminals 
and having a predetermined phase shift which is 
the same in each direction; and an amplifier 
circuit connected between the first and second 
terminals for introducing its inherent phase shift 
in one direction and a phase shift in excess of 
its inherent phase shift in the other direction for 
establishing a non-reciprocal phase shift; 
a second bi-directional phase shifter; and 
a passive four-port coupling network. 

1 1 . The four-port circulator of claim 10 in which 
said second bi-directional phase shifter is 
non-reciprocal. 

1 2. The four-port circulator of claim 1 0 in which 
said second bi-directional phase shifter is 
reciprocal. 

13. The four-port circulator of claim 10 in which 
said passive four-port coupling network in- 
cludes at least one "magic-T" coupler. 

14. The four-port circulator of claim 10 in which 
said passive four-port coupling network in- 
cludes at least one directional coupler. 
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its inherent phase shift in one direction and a phase 
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